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Abstract 
Subsea pipelines are laid directly on seabed with further constraining measures to stabilise it against adverse effect of axial walking, 
upheaval buckling and lateral buckling. Costly mitigating measures are being employed and the need for further investigation to explore 
more option is considered. Stability of soil depends on the soil strength. Increasing the soil strength has been identified as a possible 
mitigation against pipeline displacement. Electro-osmotic consolidation process is currently being employed to increase soil strength 
around offshore and onshore structures, but the effect on pipe-soil interaction has not been fully investigated. This aspect received no 
attention on numerical model or detail experiment in this regard. The present study numerically investigates the effect of pipe-soil 
interaction using capabilities of commercial ABAQUS finite element software tool on both Electro-Kinetic (EK) treated and untreated 
soil to determine their behaviours. Results from this study when compared with non-EK treated soil, indicates remarkable developments, 
as the force required to displace pipeline increases significantly due to EK treatment. 
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NOTATIONS 
𝐴 Surface area (𝑚2)    𝑢  Pore water pressure (Pa) 
𝐴𝑐 Area of contact    𝑣 Velocity (m/s) 
𝑏  Body force vector (N)    𝑣𝑠  Soil particle velocity (m/s) 
𝐶𝑝 Electrical capacitance per unit volume  𝑣 Relative velocity (m/s) 
𝐶𝑣 Soil coefficient of consolidation   𝑉 Vertical load (N/m) 
D  Diameter     𝑥 Particle position (m) 
𝐹  Force (N)     𝑋  Particle reference configuration  
𝐹𝑒  Effective axial force (N)   𝑧  Elevation (m) 
𝐹𝑤  Axial force on pipe wall (N)   𝛼  Coefficient of thermal expansion 
𝐿 Length (m)    𝛼′ Adhesion factor 
𝑘𝑒𝑜  Electro-osmotic permeability 𝑚
2/𝑉𝑠  𝛽 intermittent power supply 
𝑘𝑤 Hydraulic conductivity m/s   𝜎 Total Cauchy stress (Pa) 
𝑘𝜎𝑒 Electrical conductivity (𝑆/𝑚)   𝜎
′ Effective Cauchy stress (Pa) 
𝑗  Electrical current density (𝐴/𝑚2)   𝜑 Mapping function 
𝐿0  Original length (m)    𝜋  Moving particle phase 
𝑝𝑒   External pressure (Pa)    𝛾𝑤 Soil unit weight 
𝑝𝑖  Internal pressure (Pa)    𝜙  Electric potential (V) 
𝑠 Solid particle    𝜃 Temperature (𝐶°) 
𝑆𝑢 Undrained shear strength, (Pa)   𝐼 Electrical current (A) 
𝑡 Time (s)     𝜐  Poisson ratio 
1 Introduction 
Material strength relates to the greatest stress it can withstand. Low strength of soil may lead to collapse of structures resting on it. The 
ability of a pipeline to overcome axial displacement depends on the strength of soil in contact with the pipeline. Deepwater consists 
mostly of very soft clay with high water content, low shear strength and high compressibility [1,2]. Reduction in the moisture content 
in the soil due to the release of pore water pressure increases the soil undrained shear strength. Shear box testing gives credence to this 
process of increasing axial resistance due to cyclic hardening of soil [3]. Another concept at improving soil shear strength is Electro-
Kinetic (EK) process. This concept is similar to the above in such that all involves a decrease in pore water pressure from the soil and 
one important advantage is that the time taking for soil to consolidate is highly reduced. This method find it application at increasing 
soil-bearing capacity of onshore and offshore structures. As obtained in the other processes, the EK process helps to reduce the pore 
water pressure in the soil. Applying the EK method to a pipeline which is susceptible to buckling and walking has been carried out 
experimentally by Eton [4]. The phases involve electro-osmotic consolidation process followed by stress displacement analysis of the 
pipe-soil interaction. Results from the experiment indicates remarkable developments as the soil shear strength increases significantly 
due to EK treatment. Numerical investigation of EK process on the pipe-soil interaction to a very soft soil has received almost no 
attention. The present study investigates numerically the impact in which treated soil will have on pipe-soil interaction using ABAQUS, 
a commercially available software package. With proper design and configuration of electrodes around the pipe, the EK approach on 
pipe-soil interaction will result in significant increase in soil shear strength thereby mitigating against pipeline displacement. 
1.1 Electro-Osmotic Concept  
Electro-osmosis process to increase the strength of soil is conducted by applying electrical voltage to electrodes. Due to voltage flow, 
the soil pore water pressure tends to move from the anode to cathodes as shown in Fig. 1 [5]. The electric potential applied to soil will 
 2 
 
lead to the generation of negative pore pressure where the drainage condition is being determined by the anode and cathode of the 
electrode. Pore water pressure being generated lead to an increase in the effective stress of the soil with the total stress experiencing no 
changes and subsequently, leading to consolidation due to soil compartment [6]. The induced water flow due to ion migration can also 
lead to movement of other contaminant in the soil, which depends on factors such as the soil and pore water conductivity [7]. 
 
 
Fig. 1 Electro-kinetic phenomena: electro-osmosis (adapted from [8]) 
EK process found its application on both saturated and unsaturated soil. Electro-osmosis offers great benefit such that, the time taken 
for soil consolidation is highly reduced and surcharge loading avoided [9]. A normally consolidated soft clay has shown to be over-
consolidated when treated and the over-consolidated ratio can be achieved in the range of about 1.2 and 1.7 while the soil shear strength 
can witness an increase of about 100% to 200% [10]. As stated by Al-Hamdan and Reddy [10], the undrained soil shear strength increases 
further after the EK treatment mainly due to the soil hardening as a result of ionic diffusion and is permanent. Considerable increase in 
the soil shear strength around the anodes [11] has been observed. A recent approach by Eton [4] of which the soil modification was 
applied to pipelines on soft clay soil indicated a considerable improvement in the soil strength. 
A three-dimensional (3-D) model was analysed by Micic, Shang and Lo [12] considering the material behaviours and boundary 
conditions. HU and WU [13] also presented a two-dimensional (2-D) and 3-D numerical analyses of the field test conducted by Bjerrum, 
Moum and Eide [14]. Yuan, Hicks and Jommi [15] also conducted a numerical study based on the field test reported by Bjerrum, Moum 
and Eide [14] in 2-D considering large strain and constitutive elasto-plastic behaviour of the soil. Yuan and Hicks [16] presented 
numerical analyses of a multi-dimensional model based on field data given by Burnotte, Lefebvre and Grondin [17]. The complex 
geometry with multiple electrodes and intermittent current were determined. Other conditions such as the material nonlinearity and the 
soil elasto-plastic behaviour were considered. 
 Constitutive Equations 
As given by Yuan and Hicks [16] mass conservation of water is given by the equation: 
∇. (𝑣𝑠 + 𝑣) = 0                                                                                                           (1) 
where the soil particle velocity is given as 𝑣𝑠 and the water filtration velocity relative to the soil skeleton is 𝑣. The fluid flow due to 
electrical and hydraulic gradient can be  coupled to give a total flow [18–20]: 
𝑣 = −
𝑘𝑤
𝛾𝑤
(∇𝑝 + 𝛾𝑤𝑧) − 𝑘𝑒𝑜∇𝜙                                                                                                     (2) 
where the hydraulic conductivity, soil unit weight and the elevation is given by 𝑘𝑤 , 𝛾𝑤 and 𝑧 respectively, the electro-osmotic 
permeability is 𝑘𝑒𝑜  and electric potential given as 𝜙 .  
Assuming a charge conservation with steady state current, the electrical field governing equation is given as Yuan and Hicks [16]: 
−𝛁. 𝒋 = 𝑪𝒑
𝝏𝝓
𝝏𝒕
                                                                                   (3) 
where the electrical current flux is given as 𝑗, the electrical capacitance per unit volume as, 𝐶𝑝. Assuming 𝐶𝑝 is negligible and based on 
ohms law, the electrical flow can be represented as:  
𝒋 = −𝒌𝝈𝒆𝛁𝝓                                                                                                 (4) 
where the electrical conductivity is 𝑘𝜎𝑒. 
For a constant hydraulic pressure, the excess pore water pressure 𝑢𝑒 can be obtained from equation [18–20]: 
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                        𝛁𝟐𝒖𝒆 +
𝒌𝒆𝒐
𝒌𝒉
𝜸𝒘𝛁
𝟐𝝓 = −
𝟏
𝑪𝒉
𝝏𝒖𝒆
𝝏𝒕
                                                                             (5) 
where,  𝒄𝒉 = 
𝒌𝒉
𝒎𝒗𝜸𝒘
                                                                                                    (6) 
𝑐ℎ is the coefficient of consolidation. 
The increase in the soil effective stress 𝜎′ due to the reduction in pore water pressure 𝑢 given by:   
Δ 𝜎′ = −Δ𝑢                                                                                                   (7) 
The soil compressibility and strength depends on the effective stress within the soil particles. Total pressure within the soil consist of 
various component within the soil and is considered to be the same at every point under equilibrium conditions [21]. The flow of pore 
water can occur within the soil if a difference is created at certain points. Total pore pressure consist of many components amongst 
which are the hydrostatic pressure and the osmotic pressure [21]. The hydrostatic pressure occurs due to incomplete saturation and 
externally applied load. The osmotic pressure usually occurs due to difference in ionic concentration within the soil as previously 
described by Mitchell and Soga [8] in Fig. 1, pore water flows from higher concentration to lower concentration. Osmotic effect has 
been one of the main cause of negative pore pressure and could take place in both saturated and partially saturated soil [21]. 
 Energy Consumption 
The intensity of power being applied will also affect the corrosion rate of the electrodes. The cost of electrodes and power consumption 
will therefore, play an important role in this case. Two major problems encountered with the EK process were the corrosion of the anode 
and high conductivity of marine clay requiring high power supply, these challenges however, can be addressed  in part by applying 
intermittent current [10]. Details on this electro-osmotic process is covered in [10,16]. Distribution of voltage between electrodes as 
observed by Lo, Micic and Shang [22] is approximately linear with no significant drop however, the conductivity of the soil experiences 
considerable decrease leading to drop in current flow at the soil-electrode-water interface [22]. Most studies assumed constant electrical 
and mechanical properties during electro-osmosis process. Some report were also made in [20,23,24] on the possibility of increasing 
the current density by polarity reversal. However, this aspect was not considered in this study. Equations defining the electrical properties 
in the EK treatment are giving in [10] as outlined below. 
The power consumption rate:  
𝑃 = 𝑗 × 𝛽 × 𝛥∅/𝛥𝐿                                                                                 (8) 
where the current density   
       𝑗 =
𝐼
𝐴
 (𝐴/𝑚2)                                                                                  (9) 
𝛽 =
𝑝𝑜𝑤𝑒 𝑂𝑁 𝑡𝑖𝑚𝑒
𝑝𝑤𝑒𝑟 𝑂𝑁+𝑂𝐹𝐹 𝑡𝑖𝑚𝑒
                                                                                (10) 
(i.e. for the intermittent power supply) and  
𝛥∅
𝛥𝐿
 (𝑉/𝑚) is the voltage gradient. 
 Flow Equations and Similarities 
Provided the rate of flow is linearly related to the gradient and all properties and boundary conditions are well defined, the flow from 
one of the equations can be used to solve related problems [8]. Laws relating to heat, electrical, chemical and hydraulic flows are shown 
in Table 1. 
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Table 1 Similarities of flows conduction in porous media (adapted from [8] 
 Fluid Heat Electrical Chemical 
Potential Total heat h (m) Temperature 𝜃 (℃) Voltage 𝜙 (volts) Concentration  c or 
Chemical Potential   𝜇 (𝑚𝑜𝑙/
𝑚3) 
Storage Fluid volume V (𝑚3/𝑚3) Thermal energy 𝑢      (𝐽/
𝑚3) 
Charge 𝑄 (Coulomb) Total mass per unit total 
volume, m (𝑚𝑜𝑙/𝑚3) 
Conductivity Hydraulic conductivity 
𝑘ℎ (m/s) 
Thermal conductivity 𝑘𝑡 
𝑊/𝑚/℃ 
Electrical 
conductivity 𝜎 
(Siemens/m) 
Diffusion coefficient D (𝑚2/
𝑠) 
Flow 𝑞𝒉 (𝑚
3/𝑠) 𝑞𝒕  (𝐽/𝑠) Current I (amp) 𝑗𝑫 (mol/s) 
Gradient 𝑖𝒉 = −
𝜕ℎ
𝜕𝑥
 (m/m) 𝑖𝒕 = −
𝜕𝜃
𝜕𝑥
      (℃/𝑚3) 𝑖𝒆 =
𝜕𝜙
𝜕𝑥
 (V/m) 𝑖𝒉 =
𝜕ℎ
𝜕𝑥
 (mol/𝑚4) 
Conduction Darcy’s law 
𝑞ℎ = −𝑘ℎ
𝜕ℎ
𝜕𝑥
𝐴 
Fourier’s law  
𝑞𝑡 = −𝑘𝑡
𝜕𝜃
𝜕𝑥
𝐴 
Ohm’s law  
𝐼 = −𝜎𝑒
𝜕𝜙
𝜕𝑥
𝐴 = 𝑉/𝑅 
Fick’s law  
𝐽𝐷 = −𝐷
𝜕𝑐
𝜕𝑥
𝐴 
Continuity 𝜕𝑉
𝜕𝑡
+ ∇ (
𝑞ℎ
𝐴
) = 0 
𝜕𝑢
𝜕𝑡
+ ∇ (
𝑞𝜃
𝐴
) = 0 
𝜕𝑄
𝜕𝑡
+ ∇ (
𝐼
𝐴
) = 0 
𝜕(𝑚)
𝜕𝑡
+ ∇𝐽𝐷 = 0 
Steady state ∇2𝑞ℎ = 0 ∇
2𝑞𝑡 = 0 ∇
2𝐼 = 0 ∇2𝐽𝐷 = 0 
 
 Pipe Embedement 
Finite element approach at determining the vertical penetration of pipeline has been conducted by Merifield, White and Randolph [25] 
with pipeline placed at a predetermined depth known as wished in pipe (WIP) [26]  and  with a pipeline allowed to penetrate based on 
its own weight or operational load known as pushed in pipe (PIP) described in Fig. 2.  It was discovered that higher penetration force is 
required to displace the soil for the PIP than the WIP due to heave formation around the pipe surface [27]. Pipeline laid on undrained 
clay soil will be sustained by the soil pore water pressure. A gradual dissipation of the pore pressure over time will account for the 
effective stress, and in this case, the soil skeleton will be involved. Further embedment of pipeline with pore water dissipation leads to 
local consolidation at the pipe invert surface. This takes place over a period and governs the drained or undrained behaviour of a pipeline. 
Better understanding of the pore pressure behaviour and the effective stress is vital in accounting for the pipeline initial embedment.  
 
Fig. 2 a. Wished in Pipe, (WIP)      b. Push in Pipe, (PIP) 
The pore fluid analysis can be determine in terms of total or excess pore water. The total pore pressure analysis considered the gravity 
loading to define the load on the soil while the excess pore pressure considered both the gravity and distributed body load due to pressure. 
The relationship defining the undrained vertical displacement of pipeline with load is represented by the parameters shown below [28]. 
𝑽 = 𝒇(𝑬, 𝑺𝒖, 𝑫, 𝒛, 𝒗, 𝜸
′, 𝑪𝒊)                                                                                (11) 
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where 𝑉 is the vertical load per unit length; 𝐸,  is the young modulus; 𝑆𝑢, the soil undrained shear strength; 𝐷, pipe diameter; 𝑧, depth 
of  embedment; 𝑣, soil Poisson ratio; and 𝛾′ soil effective unit weight; 𝐶𝑖, adhesion of pipe-soil. The embedment of the pipe into the soil 
can be determine using the non-dimensional function. 
𝑽
𝑫𝑺𝒖  
= 𝝓′ (
𝑬
𝑺𝒖  
,
𝒛
𝑫  
, 𝒗,
𝑪𝒊
𝑺𝒖  
,
𝜸′𝑫
𝑺𝒖  
)                                                                           (12) 
The vertical reaction law accounting for both the laying and dynamic installation effect for determining embedment of pipeline is giving 
in [29–31]. Pipe embedment shows a non-linear elastic response, the coupling of axial resistance with pipe embedment will give a more 
realistic result and pipe embedment to a large extent depends on the area of contact [32,33]. 
The interaction of the pipe-soil in deepwater is usually in an undrained or partially undrained condition due to the existence of excess 
pore pressure [1]. This depends on the consolidation coefficient, length of drainage path, level of stress subjected to the soil and the 
displacement rate in the axial direction. Deepwater soft clay soil is characterized by undrained shear strength of approximately zero at 
the mudline, with the strength gradient extending from 5 ̴15kPa/m. The bearing pressure ranges between 1-10kPa [1]. Determination of 
the drained and undrained condition of soil are given the equations below [34]. 
Fully drained condition,  
𝒗𝑫
𝑪𝒗
< 𝟏                                                                    (13) 
              Fully undrained condition, 
𝒗𝑫
𝑪𝒗
> 𝟐𝟎                                                    (14) 
where 𝑣, pile velocity; D, diameter and 𝐶𝑣, soil coefficient of consolidation. 
2 Numerical Model Development 
This study uses the ABAQUS 2016 to demonstrate its capabilities in solving EK problems. Three phases were developed for this study: 
the first phase is the verification of the different flow process in ABAQUS. This help to confirm the capability of any of the flow process 
to mimic electrical flow due to their similarities as shown in  Table 1. 
 
 
Table 1. The second phase is the verification of the coupled temperature–pore pressure element to mimic coupled electrical-pore pressure 
for the electro-osmotic consolidation of the clay soil. The third phase consist of the electro-osmotic consolidation and dynamic pipe-soil 
interaction analyses to confirm the effect of EK treated soil on pipe-soil interaction. The resistance developed due to pipe-soil interaction 
from EK and non-EK treated soil are then measured and compared. 
2.1 Models Assumptions 
Assumptions made for the analyses are: 
1. The electrodes: anode and cathodes are of the same materials.  
2. Electrical potential at the cathodes is zero.  
3. There is constant electrical conductivity at the electrodes, soil and water during the analyses 
4. There is zero electrical potential at the soil/water surfaces. 
5. Voltage gradient is directly proportional to the fluid velocity 
6. Effect of electrochemical reaction is not considered. 
7. Uniform pore pressure is assumed in the soil 
2.2 PHASE 1: ABAQUS Heat Transfer, Electrical and Chemical Flow Verification 
The first step in verification of procedure being adopted is the determination of ABAQUS heat transfer capability to mimic electrical 
flow due to similarities shown in Table 1. Numerical analysis was conducted based on parameters obtained from Hansen and Saouma 
[35] on steel corrosion and concrete cracking as shown in Table 2. The geometry consist of concrete dimension 10.16 x 6.03cm and 
electrodes dimension of 6.03 x 0.16cm as shown in Fig. 3. Current density, 𝑞 at the model surface were set at zero. The boundary at the 
anode was set with voltage of 0.440V and at the cathode with -0.417V. The concrete served as the electrolyte while the potential at the 
anode and cathode represented the mass concentration (for an electrochemical reaction).                                                                                                                  
A two dimensional (2-D) analyses: heat transfer, mass diffusion and electrical flow procedure in ABAQUS were considered for 
comparison. The heat transfer and mass diffusion flow process was modelled with DC2D4 (a 4-node linear heat transfer quadrilateral) 
element. The electrical flow process is modelled with DC2D4E (a 4-node linear coupled thermal-electrical quadrilateral) element. 
Coupled temperature-displacement procedure is modelled with CPE4RT (a 4-node plane strain thermally coupled quadrilateral, bilinear 
displacement and temperature, reduced integration, hourglass control. 
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Table 2 Flow process validation parameter [35] 
Properties Values 
Resistivity of concrete  5000 ohm-cm 
Potential  at anode 0.440V 
Potential at cathode -0.417V 
Analysis time Steady state 
 
Fig. 3 Phase-1: ABAQUS heat transfer, electrical and chemical flow verification model 
2.3 PHASE-2: ABAQUS Coupled Temperature-Pore Pressure Elements Verification 
To verify the capability of coupled temperature-pore pressure element to mimic electrical-pore pressure for the EK analyses, numerical 
study was conducted and compared with numerical analysis conducted  by Yuan and Hicks [16]. The model as shown in Fig. 4.a and b 
consists of 12 anodes and 12 cathodes of steel electrodes, each 5m long and 0.17m in diameter. The anodes and cathodes were arranged 
in four rows spaced at 3m, each of the rows consist of six anodes or six cathodes separated 2m apart. All electrodes were set at the same 
levels extending to depth of 14m from the top surface of the soil. The clay soil dimension consists of 49 x 20 x 20m. Water table is set 
at 3.1m and the pore water pressure above the water table set to zero. The vertical and bottom surface boundaries were set to be 
impermeable with free drainage allowed at the top vertical surface of the cathodes. Each of the cathodes has voltage of zero and voltage 
gradient of 0.33V/m between pairs of the electrodes (anode and cathode). Displacement is prevented in the horizontal direction and 
impermeable. The bottom surface boundary is fixed and impermeable with free drainage allowed at the cathodes.  
Treatment time for the electro-osmosis is 50 days. Tie constraint between the electrodes and the soil is set with the electrodes being the 
master surface and the soil being the slave surface. The FE models for electrodes and soil are modelled with 10-nodes modified 
quadrilateral tetrahedron, pore pressure and temperature, hourglass control, C3D10MPT. Modified Cam clay soil model is based on 
parameter obtained in [16,17] shown in Table 3. Critical state line, 𝑀 is 0.567, poison ratio, 𝜈 of 0.3, and pre-consolidation pressure is 
120kPa, hydraulic conductivity,  𝑘𝑤 of 1.5 𝑥 10
−12𝑚/𝑠 and electro-osmotic permeability,  𝑘𝑒𝑜 of 3.5 𝑥 10
−9  𝑚2 𝑉. 𝑠⁄ .  The model 
assembly is described in Fig. 5, further details on the arrangement are given in [16,17]. 
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Fig. 4 Phase-2: Electro-osmotic consolidation model geometry description: (a) plan view (b) vertical side view 
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Fig. 5 Phase-2: Model Assembly 
Table 3 Soft clay soil parameters [16,17] 
Properties Values 
Hydraulic conductivity, 𝑘ℎ 1.5 𝑥 10
−12𝑚/𝑠 
Electro-osmotic permeability, 𝑘𝑒𝑜  3.5 𝑥 10
−9  𝑚2 𝑉. 𝑠⁄  
Electric conductivity, 𝑘𝜎𝑒 1.0 𝑆/𝑚 
Virgin consolidation line, 𝜆 0.316 
Recompression/swelling line  𝜅 0.045 
Slope of critical state line 0.567 
Poisson’s ratio 𝜈 0.3 
Coefficient of earth pressure at rest, 𝐾0 1.0* 
Unit weight of soil, 𝛾 16.4 𝑘𝑁/𝑚3 
 
2.4 PHASE 3: EK Pipe-Soil Interaction Model 
This section explains the procedures followed in the analyses. Pipe-soil behaviour with and without EK treatment were considered. 
Three stages are involved in the simulation: geostatic, electro-osmosis (consolidation), and dynamic analysis. The measurement and 
comparison of the resistance developed between the EK and non-EK treated soils were determined. To ensure stress equilibrium of the 
soil, the first step in the analyses is the geostatic step. In this step, ABAQUS assumed a displacement of zero and where a non-zero is 
obtained, this value is neglected. The second step is the soil consolidation (EK) step in which the procedure “SOIL” in ABAQUS is 
adopted. The third step is adopted using the dynamic implicit procedure to determine resistance generated due to pipeline displacement 
before and after the EK treatment of the soil. 
 Electro-Osmotic Consolidation Modelling 
ABAQUS software tool has no direct capabilities to support electro-osmotic process, however,  based on the relationship with different 
flow processes  as given in phase one and two, the mass diffusion or heat transfer analysis procedure can be used to mimic the electrical 
flow [35]. The governing law relating the flow process:  fluid, electrical, chemical and heat transfer are shown in Table 1. Thermal 
conductivity in the heat transfer procedure in ABAQUS tool is based on the Fourier law shown in Table 1. The conductivity 𝑘𝑡 can be 
isotropic, anisotropic orthotropic [36]. Based on relationships with the different flow process, couple temperature-pore pressure element 
in ABAQUS software package is adopted. Tie interaction constrain between the soil/water and electrodes is adopted to ensure electrical 
contact. Initial time increment for the electro-osmotic model is determined from Eqn. 15 [37,38]. 
∆𝑡𝑖𝑛𝑖𝑡𝑖𝑎𝑙 =
ℎ2𝛾𝑤
6𝐸′𝑘
                                                                                                (15)  
where ℎ, the average dimension of element  𝑘, soil permeability; and 𝐸, soil effective young modulus. To account for non-linearity in 
the geometry the NLGEOM parameter is set on, through all analyses. 
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Selecting the approximate global size of elements is not straight forward, however the optimal number of elements was determined by 
considering all cases ranging from coarse to fine mesh in the mesh refinement analyses. Convergence test is one of the effective means 
being considered for determining the element size adopted. In the convergence test, the error resulting from the calculated values tent 
to converge to zero as the number of element increases. In all cases from this study, the slave surface is finer than the master surface to 
avoid substantial penetration into the master surface for more accurate results. The test was conducted with the pipe, soil, electrodes and 
rings having element size of 0.04m, 0.033m, 0.035m and 0.0025m respectively. 
2.4.1.1 Model Schematic Overview 
The WIP method as described in Fig. 2 is adopted in this study mainly to allow for electrical contact between the soil and anodes. The 
disadvantage of this method is the absence of initial pore water pressure generated during the pipe penetration as reported in [39,40], 
which is encountered in PIP. The pore water pressure generated is due to further embedment from the predefine WIP depth. This 
relatively will account for a lower penetration force to be observed than when PIP method is adopted. However, this study compares the 
non-EK and EK process under same conditions with regard to the WIP method to account for the soil settlement and the related strength 
developed on pipe-soil interactions. Unloading and reloading analyses of the pipe was not considered.                                                                          
Layout of the electrodes for the electro-osmosis analysis is shown in Fig. 6, the electrodes are equal in length to the pipe, installed 
together and separated by supporting rings shown in Fig. 10. The anodes are embedded in the soil inclined at an angle 10°. The same 
applied to the cathodes except they are embedded in the water. The pore water assume to flows in the vertical direction and distance 𝑥 
between the anodes and cathodes create the potential gradient 𝑖𝒆 =
𝜕𝜙
𝜕𝑥
  as given previously in Table 1. Zero potential assumed at the soil 
surface allows the electrical flow to be notice in all direction. However, as derived from Rittirong and Shang [41] the thickness 𝑊 and 
width of the soil (soil/water) 𝐿 is far greater than the distance between anodes and cathodes 𝑥 (𝑖. 𝑒 𝑊, 𝐿 ≫ 𝑥), the flow can be considered 
in two dimensions, x-y plane. 
 
Fig. 6 Phase-3: Schematic model configuration of electro-osmotic process 
Below is a schematic of the models arrangements for the pipe-soil interaction, conducted with regards to the pipe vertical penetration in 
Fig. 7, the pipe axial displacement in Fig. 8, and the pipe lateral displacement in Fig. 9. These represent all test conducted for both the 
electro-osmosis and dynamic analyses in Phase-3 of this study. These were detailed in next sections below. 
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Fig. 7 Phase-3: Schematic Side view of model positon for pipe vertical penetration test 
 
Fig. 8 Phase-3: Schematic of model positon for pipe axial displacement test 
 
Fig. 9 Phase-3: Schematic Plan view of model positon for pipe lateral displacement test 
2.4.1.2 Boundary Conditions 
The electrodes boundary conditions are assigned with temperature  𝜃 = 𝜃(𝑥, 𝑡) to mimic the voltage 𝜙 = 𝜙(𝑥, 𝑡). The model pipeline 
is assumed to be straight with the end boundary conditions assumed unconstrained. The vertical boundaries beside soil surfaces are set 
to allow for displacement and permeable in the vertical direction with no displacement in the horizontal surfaces. Bottom surface of the 
soil is fixed and impermeable. The water level is set at the top surface of the soil and permeable with zero pore water pressure assumed. 
Other condition are defined in the test series in subsequent sections. 
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2.4.1.3 Electrode Materials Consideration 
Electrodes material selection are based on their availability, cost and suitability for EK treatment. Materials often used includes copper, 
mild steel and aluminium with consideration to their durability, conductivity, and chemical properties. EK soil treatment is related to 
the intensity of the electrical field, which depends on the layout of the electrode in consideration. Hence, the appropriate selection of the 
electrode materials will determine the optimum performance in service. In field application the cathode normally acts as the drain, 
however due to its application in seawater, the seabed surface will act as the drain. The seawater has higher conductivity than clay and 
as stated by Eton [4], the seawater resistivity can be neglected. The seawater in this case is treated as the cathode, which give the reason 
for adopting less  numbers of cathodes (and in this case two) when compared with numbers of anodes. 
This study does not consider different types of electrodes materials as only the iron electrodes are employed. Eton [4] Indicates that iron 
material is more effective for a partially embedded material in the soil. Iron material also has its limitations with regards to its faster rate 
of corrosion in aggressive saline environment. Studies have shown that the electrode type is significant in the EK process, this depends 
on the material conductivity and its resilience during the treatment time [42–44]. Further details on the material properties are given in 
subsequent sections for each of the model series. 
2.4.1.4 Model Properties 
Materials selected are based on suitability, known physical and chemical properties and the ability to be compared with known test that 
have been conducted. Polwhite E grade kaolin a common constituent of many actual clay soils with suitable geotechnical and chemical 
properties will be considered based on experiment by Eton [4]. Its main constituents are hydrous aluminium silicate clay mineral 
kaolinite. The pipe-soil model is described in Table 4 and the electro-osmotic properties in Table 5. The soil dimension of 2m x 0.9m x 
0.7m represent soil/water with water depth of 0.3m and soil depth of 0.4m. The seabed soil is considered uniformly homogenous. Kaolin 
clay is used, the soil is assumed to be in a normally consolidated state for a saturated soil with 70% water content and void ratio of 1.5. 
Cam clay model  is used in the test [37,45]. Anodes and cathodes are of the same iron material. Steel pipe with the mechanical behaviour 
assumed to be linear elastic. The pipe is WIP at a depth of 0.5D for the vertical, axial and lateral pipe-soil interaction. 
 
Table 4 Pipe/Soil Model [4] 
Parameters Values 
 
Soil 
 
length 2m 
wide 0.9m 
depth 0.7m 
 
Pipe 
length 0.8m 
diameter 0.13m 
 
Electrodes 
length 0.8m 
diameter 0.0076m 
 
Supporting rings 
outside diameter 0.17m 
inside diameter 0.13m 
thickness 0.03m 
holes diameter 0.0076m 
angle between holes 10° 
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Table 5 Electro-osmotic/Cam Clay model parameters 
PARAMETERS MATERIALS VALUES UNITS 
Electrical Conductivity 𝒌𝝈𝒆 
 
[8,46,47]   
 
Soil 1.0 𝑆/𝑚 
Seawater 4.8 𝑆/𝑚 
Iron electrode 1.0×107 𝑆/𝑚 
Hydraulic conductivity 𝒌𝒉 Soil 1𝑥10
−9 𝑚/𝑠 
Electro-osmotic conductivity 𝒌𝒆𝒐 Soil 5.5𝑥10
−9 𝑚2/𝑉. 𝑠 
Saturation 𝑺 Soil 70  % 
Void ratio 𝒆𝒐 Soil 1.5   
Virgin consolidation line, 𝝀 [37] Soil 0.4  
Recompression/swelling line 𝒌 Soil 0.115  
Slope of Critical state line 𝑴 Soil 1  
Coefficient of earth pressure at rest, 𝒌𝒐 Soil 1  
Wet yield surface size Soil 1  
Poisson ratio 𝝂 Soil 0.333  
Young Modulus 𝑬 Soil 1.8𝑥106 𝑀𝑃𝑎 
Dry density 𝜸 Soil 1121 𝑘𝑔 𝑚3⁄  
Electrical potential (𝝓) Anodes 2.5-25 𝑉 
Cathodes 0 
Time (t) Steady State and Transient s 
 
The FE models for electrodes, support rings, and soil/water are modelled with 10-nodes modified quadrilateral tetrahedron, pore pressure 
and temperature, hourglass control, C3D10MPT and the pipe is modelled with 6-node triangular thin shell element STRI65 [36]. Two 
supporting rings, two cathodes and the six anodes were adopted using the critical state model. Fig. 10 described the pipe-electrode 
assembly. The axial pipe-soil model arrangement is shown in Fig. 11. 
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Fig. 10 Phase-3: Pipe-electrodes assembly 
 
Fig. 11 Phase-3: FE axial pipe-soil interaction model 
EK pipe-soil interaction analyses in vertical, axial, and lateral directions were conducted for both steady state and transient analyses. 
Time duration of 6, 12, and 24 hours where considered for the electro-osmotic process, subjecting the soil to electrical voltages between 
2.5–25V. 
 Dynamic Modelling 
Both dynamic EK and non-EK analyses were conducted and results obtained between the two are compared. The dynamic non-EK 
analyses are conducted without the effect of electrical flow while the EK is conducted to determine the effect of electro-osmotic 
consolidation on the pipe-soil interaction. Properties for this test model are the same with electro-osmotic test model as given in Table 
4 and Table 5. The 3D dynamic implicit procedure is used for the dynamic analyses of the pipe-soil interaction. The contact properties 
have tangential behaviour with coefficient of friction set to rough (𝜇 = ∞), and normal behaviour set to hard contact. Surface to surface 
interaction set to finite sliding formulation is adopted with the pipeline and soil being the master and slave surface respectively. The 
vertical boundaries of the soil surface are set to allow for displacement in vertical direction only, while the bottom surface is fixed. 
Velocity of 0.0003m/s is applied for the vertical penetration while the axial and lateral displacement with velocity of 0.0005m/s. As 
given in Eqn. 14, these velocities are sufficient to cause undrained condition in the soil to occur with detailed analyses given in [29–31]. 
Two stages considered in the design for axial pipe-soil response are the peak (breakout resistance) and residual resistance. Initial axial 
movement of the pipeline or when pipeline moves after resting for some time is usually associated with peak resistance. The mobilisation 
resistance occurs at the peak resistance [1,2]. As noted in [1,48], pipe-soil response is nonlinear and the high initial stiffness tangent 
being produced increasingly reduces till the peak resistance is attained. Residual resistance accompanied with large displacement follows 
the breakout point of peak resistance. The residual resistance initially decreases rapidly and then slows down to a certain value. Peak 
friction is very significant at reducing the rate of walking leading to decrease in the anchors load. The undrained axial resistance can be 
determined using the Alpha approach for both the peak and residual resistance [30,32,33]:  
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𝐹 = 𝐴𝑐𝑆𝑢 𝛼                                                                                                       (16)  
where 𝑆𝑢, the soil shear strength and 𝛼, the adhesion factor, 𝐴𝑐, the area of contact of pipeline with soil, given by the relationship: 
The axial resistance of a pipeline subjected to cyclic loading is centred on the decline in the peak resistance, typical thixotropic plot [33] 
show that peak axial resistance is effective for a period of few months.  The operational loading cycles for the pipeline is normally 
designed to operate for few month and shut-down for few hours or days and soil thixotropic with regard to walking verified. 
Understanding of the pipeline expansion mechanisms will require knowledge of the effective axial force, which is governed by the 
“(true) axial force on the wall of pipeline and the axial force due to fluids pressure. This is represented by the equation  below[1,49]: 
𝑭𝒆 = 𝑭𝒘 +  𝒑𝒆  𝑨𝒆 −  𝒑𝒊  . 𝑨𝒊                                                                            (17) 
where, 𝐹𝑒 is the effective axial force, 𝐹𝑤 the axial force on pipe wall, 𝑝𝑒 the external pressure, and 𝑝𝑖  the internal pressure, 𝐴𝑒 & 𝐴𝑖 are 
the external and internal area of pipe respectively. 
Main stages to consider in lateral buckling design are the breakout force, the suction release the residual force, and the cyclic lateral 
frictional force [50]. A considerable peak force is observed when a pipe is about to move and depends on the embedment level during 
the process. The breakout force occurs with a suction effect inform of a crack between the wall of the pipe and soil, with little effect on 
its further behaviour. Under very slow loading and before a fully mobilised peak force is observed, the crack is formed. The initial 
breakout force usually takes place very fast, with tension to certain degree developed at the pipe rear, leading to soil failure experienced 
at both ends of the pipe. During movement of the pipe, the peak force falls, leading to a residual lateral force, which raises and maintained 
at a steady state over a large displacement. Residual force controls the displacement during first loading and determine the initial buckle 
shape and peak bending stress of the pipe [50]. For cyclic lateral movement of the pipe, berms are formed on each side of the pipe. The 
berms contribute some resistance to pipe displacement and the buckle formation [50]. Many studies and design were introduced to 
address this challenge, this ranges from understanding the behaviour of the pipeline response to force and displacement, loading cycles, 
and point of failure [50]. Further details were discussed by [2,51–54]. 
3 ELECTRO-OSMOTIC CONSOLIDATION ASSESSMENT 
Results from the electro-osmotic analyses of the pipe-soil interaction are presented in this section. The analyses involves the verifications 
of the flow processes and the pore-pressure elements/procedures being adopted for consolidation analyses of the soil using the ABAQUS 
tool. Both transient and steady state analyses with varying voltages are presented. 
3.1 PHASE-1: ABAQUS Heat Transfer, Electrical and Chemical Flow Validation 
To determine the capability of ABAQUS using the various flow process outlined in Table 1, analyses were conducted for each of the 
process. From Fig. 12, the flow process originates from the anodes to cathodes. By conduction, voltage is passed from anode to concrete 
and from the concrete to the cathodes. Areas embedded with anodes have the same potential of 0.440V and consequently decrease as it 
moves away from the anodes. Results of the different flow process indicates the same trends as shown in Fig. 12. This verify the choice 
of ABAQUS heat flow to mimic the electrical flow. 
 15 
 
 
Fig. 12 Phase-1: ABAQUS flow process verification using chloride diffusion cracking of concrete 
3.2 PHASE-2: ABAQUS Temperature-Pore Pressure Elements Validation 
To further confirm the capacities of the coupled temperature-pore pressure procedure in ABAQUS tool to mimic coupled electrical-pore 
pressure, analyses were conducted and the results are shown in Fig. 13 and Fig. 14. From Fig. 14, the soil behaviour indicates higher 
settlement for the first 40 days of the treatment when compared with [16,17]. However, from day 40, a contrast to the analysis by Yuan 
and Hicks [16] is observed, the soil settlement  shows a rebound. This could be attributed to less influence of the soil treatment within 
these periods. From the experiment, rebounds of soil settlement is due to absence of voltage, however this analysis does not consider 
intermittent voltage flow. While  the analysis Yuan and Hicks [16] were in 2D, a detail 3D analysis merit further studies to determine 
this behaviour. Results shows that the coupled temperature-pore pressure element can be used for the electro-osmotic consolidation of 
the soil. 
 
Fig. 13 Phase-2: Soil Settlement 
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Fig. 14 Phase-2: ABAQUS validation of coupled temperature-pore pressure element for electro-osmotic analyses 
3.3 PHASE-3: EK Pipe-Soil Interaction Model 
Flow behaviour of test model are presented. The nodal temperature (NT11) shown in Fig. 15, mimic the voltage (V). Electrical field 
distribution from anodes to cathodes is shown in Fig. 15 and the flow behaviour below the pipe surface is also described in Fig. 16. The 
distance of 0.19m between the anodes and cathodes, along the pipe surface forms the effective voltage gradient as described in Fig. 16. 
Assuming from the distance of 0.19m between the anode and cathode as described in Fig. 16 a potential gradient of approximately 
13V/m for the 2.5V and 132V/m for the 25V is developed. The greater the voltage, the higher the gradient for same distance in 
consideration.  
Areas embedded with anodes have the same potential of 10V and consequently decreases to below 2V around the cathodes area as the 
excess pore pressure is drained into the water. The flow shows a steady decrease in voltage up to point 0.1m and then maintained a 
steady state of 1.7V. The behaviour at this point is attributed to flow from the soil region into the seawater region. 
 
Fig. 15 Contour plot showing section view of electrical field distribution during the electro-osmotic flow process 
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Fig. 16 ABAQUS electrical field distribution during the electro-osmotic flow process 
 EK Area of Influence 
The electrical field distribution on the soil determines the area of influence. Area of influenced due to EK soil treatment spread to a 
depth below the pipe as the potential at the soil surface is assumed to be less than the anodes. Fig. 17 shows that the EK influenced in 
the soil extended to a depth of about 0.35m. The greater influence are experienced from the mid surface of pipe than from end surface. 
The flow on each of the surfaces shows a continuous decrease in flow concentration with depth. The midpoint of the pipe shows decrease 
in the flow concentration to less than 4.1V while the end point decreases to 3.5V. A voltage difference up to 0.6V is experienced within 
these areas. The voltage is more concentrated within the centre surface of the pipe than at the end point of the pipe surface. This can be 
attributed to the enclosure, as the end surface of the pipe have least resistance to flow than at the midpoint. 
  
 
Fig. 17 Area influence by electrical field flow from pipe invert surface 
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 Soil Pore Water Pressure 
Voltage gradient 𝑖𝑒 =
𝜕∅
𝜕𝑥
  in Table 1 created due to spacing of 0.19m between the anodes and cathodes as show in Fig. 16, has been the 
driving force for the voltage and pore water 𝑢𝑒, dissipated from the soil. The positive pore water pressure is experienced within the soil 
and shows gradual decrease as it move towards the cathodes as shown in Fig. 18. 
 
Fig. 18 Contour plot showing section view of pore pressure distribution within the soil 
The dissipation of positive pore water pressure from the soil void led to decrease in the soil void ratio from 1.5 to 0.79 as shown in Fig. 
19. The positive pore water pressure decreases and tend to be negative mainly around the anodes region to a depth of 0.24m as shown 
Fig. 20. 
 
Fig. 19  Effect of pore water pressure dissipation on soil void ratio 
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Fig. 20  Pore water pressure distribution within the soil 
 Soil Effective Stress Distribution 
The build-up of negative pore water pressure resulted from the expulsion of pore water from the soil void. This process led to the 
decrease in the void volume. The resultant decrease in soil volume accounted for the increase in soil effective stress as shown in Fig. 
21. The soil effective stress distribution in Fig. 22 indicated steady increase within the pipe invert perimeter from a depth of 0.1m. The 
vertical effective stress is affected by its closeness to the treatment zone near the anode and the settlement of the soil due to its own 
weight. This signifies an improvement in the soil strength near the treatment zone. As the depth increase, the effective stress is also 
noticed to increase, this behaviour can be attributed to the soil properties which indicates higher strength gradient with depth than the 
upper layer. 
 
Fig. 21 Effect of vertical effective stress on soil void ratio 
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Fig. 22 EK effect on soil effective stress distribution within the soil 
 Steady State Analyses: Soil Settlement 
Soil settlement occurs due to removal of pore water from the soil. For the non-EK process with no applied voltage, a maximum soil 
settlement of 0.002945m is observed as shown in Fig. 23.  For the EK process, the soil experiences a maximum vertical settlement of 
0.01872m after subjecting it to a steady state consolidation process as shown in Fig. 24. The settlement is much more experienced beside 
the pipe surface. The resultant effects of the electro-osmosis on pipe-soil interactions are discussed further in the dynamic analyses 
section. 
 
Fig. 23 Section view of vertical soil settlement distribution within the soil due to non-EK 
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Fig. 24 Section view of vertical soil settlement distribution within the soil due to EK   
The higher voltage concentration at the anodes allows for the flow to move towards the cathodes being the surface with lower 
concentration. Fig. 16 shows the flow behaviour to be more effective at a distance of 0.19m from anodes to cathodes areas. The effect 
of treatment does not span through all the soil regions, small area is being affected when compared with the whole model. However, as 
given in [10], the continues iron diffusion after treatment allows for soil consolidation to continue, which is considered to be a permeant 
process. This may take care of the potential flow reversal, which has not been captured in this study and may be a factor to be considered 
in further studies. The reduction in the soil void is due to the dissipation of pore water pressure from the soil which led to the increase 
in effective stress experienced in the soil as given in Fig. 22. This phenomenon has been given in Eqn. 7.  
 Steady State analyses: Effect of Voltage Variation 
Steady state analyses with voltage variation were also indicated in Fig. 25. Applied voltage of 2.5-25V were tested, result indicates a 
gradual settlement of the soil with increase in voltage. The least settlement can be notice for the 2.5V with the highest settlement for the 
25V. 
 
Fig. 25 Steady State analyses showing effect on soil settlement due to voltage variation 
 Transient Analyses: Effect of Treatment Time  
The results from Fig. 26 indicates the effect of soil settlement due to treatment time. A voltage of 10V is applied for all the treatment 
time. The soil indicates a progressive settlement of 0.00528m for 6 hour, 0.00972m for 12 hour, and 0.01328m for 24 hours. From Fig. 
26, a 3.5% increase in settlement between 6-hours and 12-hours, and 18% between 6-hours and 24-hours is observed. The significant 
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increase with time underscore the importance of treatment time to soil consolidation. The greater time taking, allows iron diffusion to 
be more effective aimed at hardening of the soil with greater impact on the soil strength. 
 
Fig. 26 Effect of treatment time on soil settlement 
 Transient Analyses: Effect of Voltage Variation 
The effect of voltage variation on soil settlement are presented. The results as shown in Fig. 27 indicates soil settlement is affected with 
variation in the applied voltage. The soil settlement shows gradual increase from 2.5V to 25V. This is attributed to small area being 
affected in the soil when compared with the whole soil dimensions. This behaviour indicates the feasibility of using lower voltage to 
give approximately same effect as with higher voltage with consideration to treatment time as previously shown in Fig. 26. Although 
the soil settlement experience is of little fraction when compares with the increasing voltages, this is enough to cause significant changes 
in the soil strength as discussed further in the dynamic analyses section. 
 
Fig. 27 Transient analysis showing effect on soil settlement due to voltage variation 
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4 DYNAMIC PIPE-SOIL INTERACTION ASSESSMENT 
Investigation of the dynamic analyses of the pipe-soil interaction are based on comparisons between non-EK and EK treated soil, which 
are presented in this section. The test model indicates results due to soil settlement with variation in voltage, time, and forces developed 
due to vertical penetration, axial and lateral pulling of the pipeline. Results of steady state analyses in vertical, axial and lateral directions 
were also presented. 
4.1 Steady State Analyses: Effect on Pipe Vertical Penetration 
Pipeline vertical penetration behaviour is shown in Fig. 28. Being a WIP pipe, the formation of heave around the pipe surface is minimal. 
Greater penetration force and behaviour may be experience for a PIP than WIP pipe due to formation of heave within the soil perimeter. 
Heave formation increases the pipe contact area with a resultant increase in resistance to displacement. However, as initially stated in 
previous section, the WIP pipe is adopted to allow for anodes-soil contact. The comparison of non-EK and EK process under same 
condition as shown in Fig. 31 defines the effect electro-osmotic consolidation have on pipe displacement. Penetration velocity of the 
pipeline as described in Fig. 29 indicates slight fluctuations with depth.  
 
Fig. 28 Section view showing contour plot of pipe vertical penetration 
 
Fig. 29 Pipe penetration velocity with depth 
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Fig. 30 Description of pipe embedment due to vertical penetration 
Fig. 30 shows the initial and final position of the pipe embedment at 0.5D and 0.73D respectively. The reaction of the pipeline due to 
vertical penetration into the soil is shown in Fig. 31. The penetration behaviour shows gradual increase in resistence with embedement 
of pipe. For the non-EK process, the penetration force increases to 79N before breaking at a depth of 0.083m (z/D = 0.64) while the EK 
process shows increase of 160N before breaking at 0.081m (z/D = 0.62). The pipe vertical penetration indicates approximately over 
103% increase in the  penetration force due to EK treatment of soil.  
 
Fig. 31 Forces developed due to pipe vertical penetration with depth 
4.2 Steady State Analyses: Effect on Pipe Axial Displacement 
The pipeline shows axial displacement with uniform velocity. At the initial embedded depth of 0.065m (0.5D), the pipe experiences 
gradual penetration to the final embedment of 0.1m (0.77D) as described in Fig. 32 and Fig. 33. The embedded depth increase as the 
pipe moves away from the EK treated zone. The force-displacement behaviour is described further in Fig. 34.  
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Fig. 32 Embedment of pipe due to axial displacement 
 
Fig. 33 Description of pipe position due to axial displacement 
Axial test of the pipe-soil interaction were executed on non-EK and EK treated soil under same conditions. Results obtained  were 
compared with experiment performed by Eton [4]. From Fig. 34, the non-EK treated soil experiences high initial stiffness tangent which 
gradually reduces towards the breakout (peak) force of 93N at distance of 19mm, greater than 63N obtained by Eton [4]. At the peak 
resistance, the breakout force rapidly decayed to a residual force. However, the EK treated soil, experiences a peak force of 207N at 
distance of 37mm, more than 182 obtained by Eton [4]. The dominant resistance is the residual force, steadily experienced throughout 
the duration of pipe displacement. Hence, this determines the behaviour of pipe displacement due to the effective force. 
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Fig. 34 EK effect on axial pipe displacement 
A comparison between EK and non-EK treated soil for the axial displacement of pipe; a 123% increase in the breakout force is achieved 
as shown in Fig. 35. 
 
Fig. 35 Non-EK vs EK axial breakout force 
4.3 Steady State Analyses: Effect on Pipe Lateral Displacement 
The pipe displaces laterally with uniform velocity. The lateral displacement account for the pipe final embedment at 0.146m (1.12D) 
from its initial WIP position as shown in Fig. 36 and Fig. 37. The pipe embedment indicates increase as the lateral displacement moves 
away from the treatment zone. The resultant effect on resistance developed against pipe displacement is shown in Fig. 38. 
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Fig. 36 Embedment of pipe due to lateral displacement 
 
 
Fig. 37 Description of pipe position due to lateral displacement 
The lateral displacement of the pipe on both non-EK and EK treated soil and the corresponding resistance is shown in Fig. 38. Results 
obtained  were compared with experiment performed by Eton [4]. The behavoiur shows similar trend with the axial pipe displacement. 
A comparison between the numerical and the experimental result shown in Fig. 38, the numerical model indicates higher peak force of 
11% for the EK treated soil than the experiment. 
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Fig. 38 EK Effect on lateral pipe displacement 
Fig. 38 shows a breakout force of 103N occurs at a distance of 5mm for the non-EK treated soil greater than 81N obtained from the 
experiment and 186N for the EK treated soil at  55mm greater than 168N obtained from the experiment. A comparetion  between EK 
and non-EK, shows over 81% increase in the soil resistance as shown in Fig. 39. 
 
Fig. 39 Non-EK vs EK lateral breakout force 
4.4 Transient Analyses: Effect of Treatment Time 
The resultant effect on pipeline displacement in axial direction due to treatment time is shown in Fig. 40. The axial pulling force 
developed indicates the influence of treatment time on soil consolidation. The soil undergoes a treatment time of 6, 12, and 24 hours at 
a constant voltage of 10V. As the treatment time increases, the soil settlement also increases. Due to the soil settlement, axial pulling 
force required to pull the pipeline increases with the treatment time. This signifies improvement in the soil strength. The pulling force 
for each of the treatment time is characterised by a peak force and a residual force behaviour discussed in previous sections. As given 
in Fig. 40, the peak force being generated increases from 93N for non- EK treated soil to 143N, 146N, and 148N for 6 hour, 12 hours, 
and 24 hours for EK treated soil respectively. 
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Fig. 40 Effect of EK on pipe axial displacement with time variation 
Comparing the EK process for the varying time as shown in Fig. 41, the soil indicates an increase in the peak (breakout) force of 54%, 
57%, and 59% for the 6-hours, 12-hours, and 24-hours treatment time respectively. 
 
Fig. 41 Breakout forces developed with treatment time 
4.5 Effect of Voltage Variation at Treatment Time of 6-Hours 
Axial pulling force developed as shown in Fig. 42 indicates the significance of increasing voltage on soil settlement. The force required 
to pull the pipeline increases with increasing voltage due to improvement in soil strength because of the soil settlement described in Fig. 
27. The soil undergoes a treatment time of 6 hours with increase in voltage from 0-12.5V. The pulling force is characterised with peak 
force and a residual force behaviour discussed in previous sections. As indicated in Fig. 42, the peak force for 0V (non-EK) is 93N 
however, as voltage is applied, the peak force increases to 136N, 143N and 144N for 7.5V, 10V and 12.5V respectively. 
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Fig. 42 Effect of soil settlement on pipe axial displacement with voltage variation at 6 hours 
A comparisons between the EK and non-EK (zero voltage) as shown in Fig. 43; there is a 46%, 54%, and 55% increases in the peak 
force for the 7.5V, 10V, and 12.5V respectively.  
 
Fig. 43 Breakout forces with voltage variation at 6 hours treatment time 
4.6 Effect of Varying Voltage at Treatment Time of 12-Hours 
Further subjecting the soil to a treatment time of 12hours and varying the voltage from 2.5 to 12.5V, the soil indicates further 
improvement in the peak and residual force as shown in Fig. 44. Similar behaviours as previously described were observed. Fig. 45 
indicate a peak force of 96N at 0V, as voltage is applied the peak force increases to 143N, 143N and 145N, 146N and 146.6N for 2.5V, 
5V, 7.5V, 10V and 12.2V respectively. 
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Fig. 44 Effect of soil settlement on pipe axial displacement with voltage variation at 12 hours 
A comparison with the non-EK treated soil as shown in Fig. 45 indicates 54% increase in the axial pulling force for the 2.5 and 5V. 
Subsequent increase in voltage shows little increase with significant impact on the residual forces. 
 
Fig. 45 Breakout forces with voltage variation at 12 hours treatment time 
4.7 Possible Field Application 
A possible mitigation against pipeline displacement is to increase soil resistance [1,3,55,56]. The EK effect has the potential at 
significantly improving soil strength to serve as a possible mitigating measure. As this is a new approach, it can be incorporated into a 
new offshore pipeline design. Other areas of possible application is the underwater cables. Assessment of the soil properties and the 
pipeline embedment during installation and in operating condition should be conducted. The assessment will help to determine the 
electrodes configuration and power requirement for each individual case. Assessment of electrochemical reactions with consideration 
to insulation of pipeline and inline structures from interfering with the EK reaction should be a priority. 
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Fig. 46 Snake Lay of pipeline showing possible areas for EK treatment 
As the EK process proofs to be effective, it is recommended that the EK design may have electrodes attached to the pipeline or pre-
installed at certain areas prior to pipeline installation depending on the field conditions and cost of operation. The Fig. 46 shows a snake 
lay of pipeline [57], this method helps to reduce axial displacement but with limitation in deep water due to uncertainties in lateral 
buckling control [58]. Eton [4] proposed the anchoring point as shown in Fig. 46 of which pipeline is not allowed to move, in this case, 
the points can be mitigated with the EK process. Typically short pipeline [2] with length between 2-5km are usually being affected by 
pipeline walking. The current subsea capabilities such as the umbilical cable may be used for power supply and control.  
Due to the high saline environment, high power consumption will serves as disadvantage using the EK method. However, Eton [4] 
suggested that consolidation of small volume of the soil during axial displacement of pipeline is needed to significantly increase its 
resistance. This implies that lower power may be required than expected. 
5 Conclusion 
This study shows the capabilities of ABAQUS tool for electro-osmotic consolidation analyses. Applied voltage have been the main 
driven force in the EK process and the time of treatment also plays an important role on the soil settlement. From the obtained results, 
it is shown that the lower voltage can be compensated with longer treatment time of the soil. The larger settlement occurs beside and 
below the pipe invert surfaces due to electrical field influence within these regions. The resultant effect of pore water pressure dissipation 
from the soil void led to the increase in the soil effective stress. A comparisons between the EK and non-EK process, the force required 
to displace the pipeline in vertical, axial and lateral direction indicates significant increase. 
5.1 Further Studies 
Some areas that requires further studies to have better understanding of the EK effect on the pipe-soil interaction behaviours are stated 
below: 
- considerations to cyclic loading, to determine if higher shearing rate may cause additional pore pressure and cancel out the hardening 
effect as suggested by [3]. It is not clear what the effect of this cyclic movement would be on the Electro-kinetic modified soil. 
- Studies with other velocities and other stress conditions under pipe as pipeline displaces with varying velocities and loading 
conditions. 
- Investigation on the numbers of electrode/electrode configurations, merit further research to have clarity on the optimum numbers 
of electrodes to minimise complexity and save cost. 
- Consideration on the effect of polarity reversal and intermittent voltage application on soil settlement. 
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